Aims To determine the relationship between a strategy of enoxaparin (ENOX), early ST-segment resolution (STRes), and clinical outcomes on patients with ST-segment elevation myocardial infarction (STEMI) after fibrinolysis. Methods and results Baseline and 180 min ECGs were analysed in 3208 of the 20 479 patients in the ExTRACT-TIMI 25 trial, which randomifzed patients with STEMI to ENOX vs. unfractionated heparin (UFH) as adjunctive therapy. STRes was defined as complete (70%), partial (30-70%), or none (,30%). There was no evidence for a difference in STRes between the groups assigned to the ENOX or UFH (median 69.4 vs. 67.2%; P ¼ 0.13). Among patients with complete STRes (n ¼ 1100), ENOX significantly reduced death or non-fatal recurrent MI at 30 days when compared with UFH (4.4 vs. 9.9%; OR adj 0.39; P , 0.001), whereas there was no difference in patients with only partial or no STRes [14.2 vs. 12.5%; OR adj 1.0; P ¼ 0.98 (n ¼ 368) and 16.2 vs. 15.9%; OR adj 1.0; P ¼ 0.97 (n ¼ 830), P for interaction ¼ 0.008]. Conclusion When compared with UFH, a strategy of ENOX significantly reduces death or non-fatal recurrent MI in patients who achieved complete STRes, but not in patients with less STRes. These data suggest that a strategy of ENOX improves outcomes by preventing re-occlusion in patients achieving initial successful reperfusion after fibrinolytic therapy rather than by facilitating initial reperfusion.
Introduction
Treatment of patients presenting with ST-segment elevation myocardial infarction (STEMI) centers on achieving early coronary reperfusion and maintaining arterial patency. 1 The resolution of ST-segment elevation (STRes) on serial ECGs is a simple non-invasive surrogate for epicardial and myocardial reperfusion. [2] [3] [4] [5] [6] Patients who achieve complete STRes have an improved short-and long-term prognosis. 3, [7] [8] [9] [10] Fibrinolysis, the most frequently utilized reperfusion strategy world-wide, achieves reperfusion as detected by angiography and complete STRes on ECG in more than half of the patients. [11] [12] [13] Re-occlusion of the infarct artery after initial successful reperfusion, leading to a recurrent myocardial infarction (MI), is associated with an almost three-fold increase in mortality. [14] [15] [16] [17] Therefore, maintaining patency of the infarct-related artery after fibrinolysis may be expected to reduce adverse clinical outcomes, in particular, among patients who achieved early patency.
In the ExTRACT-TIMI 25 trial, patients with STEMI were treated with fibrinolysis. An antithrombin strategy of enoxaparin (ENOX) administered for the duration of hospitalization resulted in an improved net clinical benefit (death, non-fatal recurrent MI, or major bleeding) when compared with the standard strategy of unfractionated heparin (UFH) administered for 48 h. 18 This benefit may have been mediated by two potential mechanisms. First, as suggested by smaller studies, 19 the combined anti-Xa and anti-IIa activity of ENOX may facilitate fibrinolysis and improve the rate of early reperfusion. Alternatively, a strategy of ENOX may not improve initial fibrinolysis, but over the ensuing days may maintain patency in arteries that were initially reperfused. The ExTRACT-TIMI 25 ECG study was carried out in order to explore the mechanisms using early STRes as a marker of reperfusion after fibrinolysis and examining the clinical outcomes of enhanced antithrombotic treatment according to reperfusion status.
Methods

Patient selection and procedures
In the intention-to-treat cohort of the ExTRACT-TIMI 25 Trial, 20 479 patients who presented within 6 h before randomization, had ST-segment elevation of at least 0.1 mV in two limb leads or of 0.2 mV in at least two contiguous precordial leads or had left bundle-branch block, and received an approved fibrinolytic drug were randomly assigned in a 1:1 ratio to a strategy of ENOX given for the duration of hospitalization or weight-based UFH given for at least 48 h in a double-blind, double-dummy fashion. The dosing regimen has been previously described. 18, 20 As part of a prespecified substudy, ECGs were obtained in 3238 patients at baseline at the onset of fibrinolytic therapy and again at 180 min after the administration of fibrinolysis in consecutive patients at selected centers.
Outcomes
Each ECG was analysed by two investigators at the TIMI ECG Core Laboratory, who were blinded to study treatment and outcomes, using a hand-held electronic caliper (Fowler Inc., Newton, USA). The ST-segment deviation was measured 20 ms after the J point in all leads. For anterior MI, the sum of ST-elevations in leads V1 to V6, I, and aVL, was added to the sum of ST-depressions in leads II, III, and aVF. For inferior MI, the sum of ST-elevations in leads II, III, aVF (and I, aVL, V5, and V6, if present) was added to the sum of ST-depressions in leads V1-V4. Reciprocal ST-depression was used only in leads with !0.1 mV of ST-depression at baseline. 7, 11 The percent resolution of ST-segment deviation from baseline to 180 min was calculated, and categorized according to a previously described three-component definition: complete (!70%) STRes, partial (30-70%) STRes, and no (,30%) STRes. 7 To meet the criteria for a recurrent MI, the MI must be a clinical event distinct from the index event. The criteria for recurrent MI in ExTRACT-TIMI 25 are adapted from the American College of Cardiology/American Heart Association guidelines for management of patients with STEMI. 1, 20 Patients were followed for 30 days for clinical outcomes.
Statistical analysis
For the comparison of baseline characteristics between treatment groups, a x 2 test was performed for categorical variables and a Wilcoxon rank-sum test for continuous variables. Differences were considered significant if the two-sided P-value was ,0.05. To examine the relationship between assignment to treatment strategy and outcomes according to the presence of reperfusion at 180 min, patients were stratified according to STRes category. All comparisons between treatment groups were performed with a logisticregression model that included terms for the treatment strategy group, TIMI risk score (TRS) for STEMI, the type of fibrinolytic agent used (fibrin-specific vs. non-fibrin-specific), time from symptom onset to fibrinolysis, and the anatomical location of the infarct. The TRS for STEMI is a weighted integer score based on eight clinical risk indicators that can be easily ascertained at presentation. It has been validated in several large patient populations. 21, 22 Patients received three points for age !75 years, systolic BP,100 mmHg, two points for age 64-74, heart rate .100/min, Killip Class II-IV, and one point for a history of diabetes, hypertension, or angina, weight ,67 kg, anterior MI or LBBB, or .4 h delay from symptom onset to reperfusion therapy. The interactions between treatment strategy, STRes category, and outcomes were analysed using the multivariable model described above with the addition of an interaction term of treatment strategy Â STRes category. Statistical tests for significance of interactions were performed by comparing the likelihood ratios between the logistic regression models with and without the interaction terms. There was .90% power to detect a 10% relative difference in STRes as a continuous variable between treatment groups and .90% power to detect a 15% difference in the rate of achieving complete STRes at 180 min with an a level of 0.05. There were no corrections for multiple comparisons.
Results
Baseline characteristics and clinical outcomes of both patients who participated in the ExTRACT-TIMI 25 ECG substudy (n ¼ 3208) when compared with the remainder of the ExTRACT-TIMI 25 patient population (n ¼ 17 241) and those patients in the ECG Substudy with baseline and 180 min ECGs valid for STRes calculation (n ¼ 2298) when compared with patients having invalid ECGs (n ¼ 910) are presented in Tables 1 and 3 . Patients were excluded from analysis if: the baseline ECG was more than 10 min after fibrinolysis or the 180 min ECG was more than 20 min from the pre-specified 180 min time-point (n ¼ 503); there was insufficient ST-deviation on baseline ECG (n ¼ 217); a left bundle-branch block, accelerated idioventricular rhythm, or paced rhythm was present (n ¼ 74), or if either ECG was not performed or not interpretable (n ¼ 116). There were no important differences in baseline characteristics and initial therapy between the two treatment groups in patients with ECGs valid for STRes calculation ( Table 2) .
ST-segment resolution and outcomes
The degree of STRes was strongly associated with 30-day mortality ( Figure 1A ; Table 3 ). In contrast, there was no clear relationship between recurrent non-fatal MI and STRes. Patients with partial STRes experienced the highest, though not a statistically different, rate of nonfatal recurrent MI ( Figure 1B ).
Effect of enoxaparin on ST-segment resolution at 180 min
The median STRes at 180 min was 69.1% in the ENOX strategy group and 67.1% in the UFH strategy group (P ¼ 0.32). The distribution of STRes category achieved at 180 min after fibrinolysis was also similar in the ENOX and UFH groups (complete STRes-48.6 vs. 46.0%, partial STRes-34.8 vs. 35.6%, and no STRes-16.8 vs. 18.4%).
Treatment effect of enoxaparin according to ST-segment resolution category
Among patients with complete STRes at 180 min (n ¼ 1100), treatment with ENOX was associated with a significant reduction in death or non-fatal recurrent MI at 30 days when compared with UFH (4.4 vs. 9.9%, OR adj 0.39, 95% CI 0.24, 0.65, P , 0.001). However, the rate of death or nonfatal recurrent MI was similar in the ENOX and UFH groups in the cohorts of patients with only partial STRes (n ¼ 830) or no STRes (n ¼ 368) at 180 min (14.2 vs. 12.5%, OR adj 1.0, 95% CI 0.66, 1.5, P ¼ 0.98 for partial STRes and 16.2 vs. 15.9%, OR adj 1.0, 95% CI 0.57, 1.8, P ¼ 0.97 for no STRes, P for interaction of STRes and outcome ¼ 0.008) (Figure 2) . A similar pattern of reduction in death and nonfatal recurrent MI in patients with complete STRes was seen by Day 8 after fibrinolytic therapy ( Figure 3 ) and when comparing death or recurrent non-fatal MI separately (Figures 2  and 3) .
The cumulative incidence of non-fatal recurrent MI among subjects who achieved complete STRes is shown in Figure 4 . The rate of non-fatal recurrent MI increased substantially after Day 2 in patients of the UFH group but demonstrates a more gradual increase in the ENOX group.
Discussion
In this study, we provide several important insights into the mechanism by which a strategy of ENOX, given with fibrinolytic therapy in patients with STEMI and administered for the duration of hospitalization, reduces death or nonfatal recurrent MI. We observed that in comparison with a strategy of UFH, ENOX did not augment ST-segment resolution at 180 min after fibrinolysis. However, this strategy of ENOX administration was associated with a substantially lower incidence of death or recurrent MI in patients who exhibited 'complete' ST-segment resolution at 180 min after fibrinolysis. These findings suggest that ENOX does not facilitate reperfusion as assessed by STRes at 180 min but does significantly reduce the rate of death and non-fatal recurrent MI when compared with UFH only among those subjects who do achieve early STRes with fibrinolysis. Thus, our data are consistent with the hypothesis that when compared with a strategy of UFH, a strategy of ENOX given for the duration of hospitalization improves clinical outcomes by preventing re-occlusion rather than by facilitating reperfusion as detected by ECG at 180 min.
The clinical benefit observed in this study supports the known pharmacological actions of ENOX, a potent antithrombin with anti-Xa and anti-IIa activity that provides stable levels of anticoagulation but does not have intrinsic fibrinolytic activity. The absence of a difference between ENOX and UFH in the rates of reperfusion as detected by STRes at 180 min after fibrinolysis is therefore not unexpected and consistent with previous trials that compared STRes in patients with ENOX and UFH. 23, 24 One trial that compared ENOX vs. placebo in patients receiving streptokinase, did show improved early STRes with ENOX, which suggests that antithrombins may at least potentiate non-fibrin-specific fibrinolysis when compared with no adjunctive anticoagulation. 19 However, our results do not suggest that there is a relative advantage of ENOX over UFH in facilitating reperfusion as detected by STRes at 180 min among patients treated with fibrinolysis.
The significant and early reduction in death or recurrent MI observed with the ENOX strategy in ExTRACT-TIMI 25 among patients who achieved early STRes may have been the result of the longer duration of treatment with ENOX as well as from the more potent antithrombin activity of ENOX compared with UFH. In the ExTRACT-TIMI 25 trial, ENOX was by design administered until hospital discharge or Day 8, while UFH was given for the guideline recommended 48 h. 1 In the ECG study of ExTRACT-TIMI 25, there is a striking increase in the rate of recurrent MI after Day 2 after UFH was stopped, among patients who achieved complete STRes after fibrinolysis (Figure 4) . This increase in recurrent MI in the UFH group may be the consequence of 'heparin-rebound' which prompted acute re-occlusion of arteries that were initially reperfused with fibrinolytic therapy and maintained patent while on UFH.
However, the termination of ENOX was not associated with a similar rebound. This may be due to the enhanced anti-Xa activity of ENOX preventing thrombin generation, the slow clearance of anti-Xa activity when compared with anti-IIa activity, or because the longer duration of therapy may have permitted the culprit lesion to passivate and become less thrombogenic. The reliable and prolonged antithrombotic therapy of ENOX in the days after fibrinolysis, when the risk of recurrent thrombosis is greatest, appears to be how ENOX exerts important clinical benefit. Importantly, in the main ExTRACT-TIMI 25 trial, ENOX also reduced death or non-fatal recurrent MI within the first 48 h after fibrinolysis when the great majority of the 20 479 patients were receiving either ENOX or UFH. 18 The cohort of patients in the ECG study of ExTRACT-TIMI 25 is likely too small have detected a similar benefit of ENOX within the first 48 h.
The relatively low rate of recurrent ischaemic events observed in patients with successful early re-perfusion after fibrinolysis treated with a strategy of ENOX supports the potential role for a pharmaco-invasive approach in patients with STEMI where patients can be treated very early with fibrinolytic therapy. If there is successful reperfusion as detected by STRes, they can undergo a subsequent, non-urgent catheterization with potent antithrombotic and antiplatelet pre-treatment. 25 
Limitations
There are several limitations to this study. Patients did not undergo immediate angiography to confirm successful or failed epicardial reperfusion. STRes, however, has been shown in many trials with a variety of fibrinolytic and adjunctive agents to closely correlate not only with infarct-related patency, but perhaps even more importantly with myocardial perfusion and subsequent clinical outcomes. Nor was there direct angiographic evidence of re-occlusion as the mechanism for recurrent MI. We believe that recurrent thrombosis at the site of successful fibrinolysis, though, is the most likely pathological aetiology of subsequent ischaemic events in this population.
Subgroup analyses are always at risk of selection bias. The ECG substudy of ExTRACT-TIMI 25, however, was a prespecified substudy within a larger randomized double-blind, double-dummy clinical trial and was designed to include sequential patients at selected sites to reduce selection bias. While treatment assignment was not specifically randomized within this cohort, there were essentially equal numbers of patients randomized to ENOX and UFH in the ECG substudy with no significant differences in baseline characteristics, index presentation, or concomitant therapy between the two treatment arms. Moreover, all Figure 2 The rates of the primary endpoint, death, or non-fatal recurrent MI at Day 30, according to both STRes at 180 min and treatment strategy. OR adj , odds ratio adjusted for treatment group; the type of fibrinolytic agent used (fibrin-specific vs. non-fibrin-specific); time from symptom onset to fibrinolysis and the location of the infarct; UFH, unfractionated heparin; ENOX, enoxaparin; MI, myocardial infarction. analyses investigating the relationship between STRes, treatment, and outcomes were adjusted for potential confounders. However, these results must be interpreted in the context of the population studied, particularly in relation to baseline risk and concomitant treatment.
Clinical implications
The hours and days after fibrinolysis are the highest risk period for acute re-occlusion of the infarct-related artery. Extended and reliable anticoagulation with ENOX significantly reduces the risk of death or recurrent MI 18 and should be strongly considered for all patients without contraindications who receive fibrinolytic therapy. The greatest benefit of ENOX, when given with fibrinolytic therapy, is most likely the result of maintaining arterial patency among patients who have achieved reperfusion as detected by STRes at 180 min. Therefore, STRes should be closely monitored after fibrinolysis. Failure to achieve STRes should prompt immediate referral for revascularization, regardless of the initial treatment. Conversely, patients who achieve reperfusion with fibrinolytic therapy and are treated with intensive medical therapy are at very low risk for recurrent ischaemic complications and may be safely monitored until they are electively referred for catheterization or risk-stratified for medical management. Figure 4 Cumulative incidence of non-fatal recurrent MI among patients who achieve complete STRes at 180 min according to treatment strategy. UFH, unfractionated heparin; ENOX, enoxaparin; MI, myocardial infarction. Figure 3 The rates of death or non-fatal recurrent MI at Day 8 or hospital discharge according to both STRes at 180 min and treatment strategy. OR adj , odds ratio adjusted for treatment group; the type of fibrinolytic agent used (fibrin-specific vs. non-fibrin-specific); time from symptom onset to fibrinolysis and the location of the infarct; UFH, unfractionated heparin; ENOX, enoxaparin; MI, myocardial infarction.
